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We have used scanning tunneling microscopy and spectroscopy to study the reaction of Si(111)-
(7X7) with NH;. We have found that by use of topographs obtained at different energies, as well as
atom-resolved spectra, reacted and unreacted surface sites can be imaged selectively. Thus we have
been able to probe the spatial distribution of the surface reaction on an atom-by-atom basis. We
find that there are significant differences in reactivity between the various dangling-bond sites on the
Si(111)-(7X7) surface. Specifically, rest-atom sites are more reactive than adatom sites and, more-
over, center-adatom sites are more reactive than corner-adatom sites. We ascribe the reduced reac-
tivity at adatom sites to the delocalized nature of their dangling-bond state. We suggest that a
bonding interaction between adatoms and the Si atoms directly below them is responsible for this
behavior—a suggestion supported by electronic-structure calculations. Thus, while reaction at a
rest-atom site can be considered a dangling-bond saturation process, reaction at an adatom site in-
volves the formation of a hypervalent (fivefold-coordinated) adatom. We tentatively ascribe the
reactivity differences between center and corner adatoms to differences in the strain they induce
upon reaction on the dimer bonds. Atom-resolved spectroscopy allows us to probe interactions and
charge transfer between surface sites, and for the first time, we can directly observe how chemisorp-
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tion affects the substrate electronic structure at neighboring unreacted sites.

I. INTRODUCTION

Scanning tunneling microscopy (STM) has been used to
image the structure of clean surfaces and has provided
valuable insight into the nature of surface reconstruc-
tions, particularly for semiconductor surfaces.! Recently,
it also has been used to study the topography of ad-
sorbed, primarily metallic, layers on semiconductors.
The ability of STM to provide atomic-scale information
on both geometric and electronic structure can lead to a
completely new way of studying surface chemistry. Us-
ing STM, one should be able to follow the extent and spa-
tial distribution of a surface reaction on an atom-by-atom
basis. By probing simultaneously the electronic structure
of the different surface sites one then can relate electronic
structure and reactivity. Moreover, in this way one could
directly probe the interactions between surface sites. The
existence of such interactions is inferred in a variety of
experiments, such as in vibrational spectroscopy of adsor-
bates? and in the study of adsorption isotherms,’® where
the adsorbate-substrate interaction is studied as a func-
tion of coverage. The macroscopic and indirect nature of
such measurements, however, does not allow one to
discriminate between effects due to modification of the
electronic structure of the substrate by the adsorption
process and direct lateral interactions between the adsor-
bates.

In this paper, we present results of scanning tunneling
microscopy (STM) and atom-resolved scanning tunneling
spectroscopy (AR-STS) studies of the reaction of am-
monia (NH;) with Si(111)-(7X7). This study indicates
that the above goals can be achieved by combined STM
and AR-STS studies. In previous work* we have shown
that the reactivity of Si(100)-(2X 1) towards a variety of
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molecular systems is strongly correlated with the pres-
ence of surface dangling-bond states. However, all dan-
gling bonds on the Si(100)-(2X 1) surface are located on
equivalent sites. A far more chemically interesting case
and one which would take full advantage of the unique
capability of STM to provide atom-resolved information,
would be a study of the reactivity of a surface with
several structurally distinct active sites. The Si(111)-
(7X7) surface is deal in this respect.” The nature of the
7 X 7 reconstruction itself has been the subject of intense
study for about 30 years,® and the role of STM (Ref. 7)
was quite important in the resolution of this problem.
Currently, the model proposed by Takayanagi et al. [the
so-called dimer-adatom—stacking-fault (DAS) model]?® is
generally accepted. The DAS model for the 7X7 unit
cell is shown in Fig. 1. There are two triangular subunits
each surrounded by nine Si dimers; in addition, there is a
stacking fault in the left triangle. On the surface there
are six triply coordinated Si atoms (labeled 4 and B in
Fig. 1), so-called rest atoms. The top layer is composed of
12 Si adatoms (solid circles), and, finally, at the corners of
the unit cell there are vacancies usually referred to as
corner holes. For reasons that will become apparent later
in the paper we separate the adatoms into two groups:
the ones located next to a corner hole are termed corner
adatoms, while the other six are called center adatoms.
The most important chemical effect of the reconstruction
is a severe reduction in the number of surface dangling
bonds (DB’s). While on the unreconstructed Si(111) sur-
face there are 49 DB’s, only 19 survive in the 7 X7 unit
cell. Of these, 12 are located on the two types of ada-
toms, six on the rest atoms and one on the atom at the
bottom of the corner hole. Thus, there are a variety of
chemically active surface sites which would allow us to
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FIG. 1. (a) Top view of the dimer—adatom-stacking-fault
(DAS) model of Takayanagi et al. (Ref. 8) for the Si(111)-(7X7)
surface reconstruction. The 7 X7 unit cell is outlined. Atoms at
increasing distances from the surface are indicated by circles of
decreasing size. The large solid circles denote the 12 adatoms.
The circles marked 4 and B represent the rest atoms in the
faulted and unfaulted halves of the unit cell, respectively. Small
open circles denote the dimers, while small solid circles and
black dots represent atoms in the unreconstructed layers. (b)
Side view. Atoms on the lattice plane along the long diagonal of
the surface unit cell are shown with larger circles than those
behind them. On the right half of the unit cell the stacking se-
quence is the same as in bulk Si, i.e., unfaulted; on the left half,
the stacking sequence is faulted.

study the role of local structure on reactivity.

The reaction of NH; with Si(111)-(7X7) is an interest- -

ing one, not only from the basic science point of view, but
also because of its use in technology to synthesize silicon
nitride—an_important electronic material. Early work’®
suggested that NH; adsorbs nondissociatively on Si(111)-
(7X7); more recent work based on vibrational spectros-
copy [electron-energy-loss spectroscopy'® (EELS)] and
photoemission spectroscopy'!’!? has concluded that the
adsorption is dissociative, the dissociation products being
NH, and H bonded to Si.!®!? In this work we first will
discuss topographs of the occupied and unoccupied states
of the clean and NHj-exposed surfaces. We will show
that because of the different energy-level structure of the
clean and reacted surfaces topographs obtained at
different energies allow us to image selectively unreacted
atoms and reaction products. Thus, the spatial distribu-
tion of the reaction can be directly observed. We then
will present and discuss atom-resolved spectra of the
clean 7X7 surface, which will allow us to determine the
spectral characteristics of the different DB states, as well
as possible interactions between these sites present at the
clean surface. The corresponding spectroscopy of the
partially reacted surface allows us to determine the
electronic-structure changes produced by the reaction
not only at reacted sites but, for the first time, we can
determine the effect of reaction at one site on the elec-
tronic structure of a nearby unreacted site. From a sys-
tematic analysis of topographs and AR-STS maps we
determine the relative reactivities of the different surface
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DB sites. We find significant differences between such
sites and discuss these differences in terms of phenomena
such as intersite charge transfer, Si hypervalency, and
steric strain.

II. EXPERIMENT

The STM experiments were performed in an ion-
pumped vacuum chamber having a base pressure of
~1X1071° Torr. The Si crystals used are phosphorus-
doped (~1Qcm) Si(111) wafers. Sample cleaning in-
volves prolonged heating of the crystal to 700°C with
subsequent removal of the oxide layer by heating to
1030°C for about 1 min. STM types are prepared by elec-
trochemically etching tungsten wires. The tip is mounted
on a piezolectric tripod. The sample is placed at the end
of a lever which pivots about a point very near the tip.
The other end of the lever can be moved by the manual
rotation of a fine screw. Backlash in the drive mecha-
nism allows decoupling of the external rotary feed
through from the STM. The base of the STM sits on
small compression springs on an 8-in. flange. On this
base, several plates are stacked, with Viton rubber
spacers. The vibrationally isolated top plate holds the
piezolectric tripod and lever which carries the sample.
The entire vacuum system is mounted on a vibration-
isolated table. While recording STM topographs, a feed-
back circuit controls the tip-surface separation and main-
tains a constant tunneling current (~1 nA). To obtain
atom-resolved spectra, topograph measurement is inter-
rupted at every nth point (n variable), the tip-to-sample
separation is temporarily fixed, and the bias voltage is
linearly ramped so that an I-¥ curve can be obtained at
that point. This synchronized acquisition ensures exact
spatial alignment of topographic and spectroscopic infor-
mation. While this approach leads to large data files, we
gain the ability to look at spectroscopic information for
every region in a topograph.

III. RESULTS AND DISCUSSION

A. Electronic topography of clean
and NH;-exposed Si(111)-(7X7)

In Fig. 2(a) we show a topograph of the unoccupied
states of the clean Si(111) surface obtained with the sam-
ple biased at +1.5 V. The 7X 7 unit cell is outlined and
the 12 adatoms are clearly seen. The two triangular
halves of the 7X7 unit appear indistinguishable.!* In
Fig. 2(b) we show a topograph of the occupied states of
the 7X 7 surface obtained with the sample biased at — 1.5
V. The 12 adatoms and the stacking fault are clearly
seen. In addition, there is evidence for the presence of
rest atoms which give rise to the grey region between
adatoms. We find that rest atoms can be clearly imaged
at high bias. This is shown in Fig. 2(c) which is a three-
dimensional representation of a topograph of the 7X7
unit cell obtained at —3 V.

We can now explore the topography of the reacted Si
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FIG. 2. STM topographs of the clean Si(111)-(7X7) surface. (a) Topograph of the unoccupied states obtained with the sample
biased at +1.5 eV. The 7X7 unit cell is outlined and the 12 adatoms are clearly visible. (b) Topograph of the occupied states ob-
tained with the sample biased at — 1.5 V. The stacking fault and the differences between corner and center adatoms are visible. (c) A
three-dimensional rendering of a topograph of the occupied states obtained with the sample biased at —3 V. The rest atoms are now

visible.

surface. In Fig. 3, we show topographs of the unoccupied
states of a partially reacted Si(111) surface. Topograph
3(a) is obtained after exposure to NH; (~2 L) under the
same bias conditions. [1 langmuir (L)=10"% Torr sec.]
We see that roughly half of all Si adatoms have become
invisible (dark) as a result of the surface reaction. The
surface appears as if it has been etched by the NH;, reac-
tion, while, as we discussed in the Introduction, the reac-
tion is predominately one of dissociative chemisorption.
If we increase the sample bias so as to image higher-lying
unoccupied states we see that at +3 V [topograph 3(b)]
we can image both reacted and unreacted adatoms. In-
terestingly, we find that the 7X7 reconstruction (dimer
domain walls, corner holes, etc.) is preserved by the reac-
tion with, as topograph 3(b) shows, some distortions.
The behavior exhibited by the occupied states of the sam-
ple is even more interesting. As can be seen from Fig.
4(a), the topograph obtained with the sample biases at
—2 V shows unreacted adatoms as bright spots, while
reacted adatoms appear dark. This is completely analo-
gous to the behavior of the unoccupied states. However,

topograph 4(b) obtained at —3 V (i.e., by probing up to
—3 eV below Ej) shows a significant change. Every site
that appeared dark in Fig. 4(a) is now bright—in fact, it
appears brighter than the unreacted sites of Fig. 4(a). To
help locate corresponding sites at the two topographs we
have labeled a few such sites. It is clear that at —3 V we
can directly image the products of the surface reaction.
Moreover, by inspecting topograph 4(b) we can see that it
appears that there are two kinds of product sites dis-
tinguished by their ‘“size.” To help visualize this
difference, we provide in Fig. 4(c) a three-dimensional
view of sites a —f shown, in Fig. 4(b). Sites a and ¢ are
reacted adatom sites. It appears that product site a is
“larger” than site c. Because these topographs have been
obtained in the constant-current mode, it is believed that
size reflects the local density of states (LDOS) in the in-
terval Ep—eV,;,.. The above topographs suggest that
there are two reaction products, or perhaps two different
configurations of a product, whose spatial distribution
can be directly determined by the STM. If what we im-
age are two different products, it is of interest to establish
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FIG. 3. (a) Topograph of the unoccupied states of a Si(111)-
(7X7) surface partially reacted with NH;. Sample bias +0.8
V. Reacted adatoms appear dark. (b) Topograph of the unoc-
cupied states of a partially reacted surface. Sample bias +3 V.
Both reacted and unreacted adatom sites are visible. The 7X7
reconstruction is preserved overall by the reaction.

their chemical identity. Using EELS (Ref. 10) and photo-
emission,!"!? Si—H and Si—NH, groups have been
identified as the reaction products. If indeed these are
the two products that we image with the STM, then
based on the relative contributions of these two species to
the ultraviolet photoemission spectroscopy (UPS) spec-
tra'"!? (an experimental measure of LDOS) of the NH;-
exposed surface up to —3 eV, we would predict that the
“larger” image represents the Si-NH, moiety, while the
“smaller” one is a Si-H species. However, we should
point out that there are still many unknown factors that
make quantitative interpretation of STM images uncer-
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tain. In more than one case we have obtained topographs
of the partially reacted surface at —3 V where the rela-
tive intensities of reacted and unreacted adatoms are re-
versed from those shown in Fig. 4. At these high biases,
tip stability is a problem, due to primarily field-induced
atomic rearrangements on the tip surface. In most cases,
these tip changes only affect image resolution, but in
some cases relative intensities are affected. The reason
behind this behavior is not known but we speculate that
this behavior may result because tunneling at the tip may
involve chemically different atoms. The symmetry of the
states involved in tunneling at the tip can thus be
different, and some effective selection rules based on
differences in wave-function overlap at different sites may
become important. It is clear that such effects need to be
further explored and understood for STM images to be
quantitatively interpreted. One also can foresee that by
controlling tip composition, the possibility of “chemically
selective” imaging may be realized.

The above results clearly show that STM topographs
obtained at different energies provide, for the first time,
the unique capability of following both the extent and
spatial distribution of a surface reaction on an atom-by-
atom basis.

B. Atom-resolved tunneling spectra of clean
and NH;-exposed Si(111)-(7X7)

More detailed information about the electronic struc-
ture of the clean and reacted surface is provided by
atom-resolved scanning tunneling spectroscopy (AR-
STS). 'In addition, AR-STS provides a reliable way to
probe the reactivity of the surface rest atoms. While, as
Fig. 2(c) shows, rest atoms can be directly imaged, this
imaging requires high-bias conditions, under which tip
stability is often a problem. We found that AR-STS
detection of rest atoms is relatively free from such com-
plications. In Fig. 5(a) we show a topograph of the clean
surface with a unit cell outlined, and underneath it we
present AR-STS spectra obtained at the positions within
the surface unit cell, indicated by the arrows. The spec-
tra obtained at the representative surface sites, adatoms,
and rest atoms are in complete agreement with area-
integrated photoemission and inverse-photoemission
spectra'* and also with current-imaging results.'> The
spectrum obtained over a rest-atom site is given by curve
A. It shows a strong surface state at ~0.8 eV below the
Fermi energy (Ep). Given this large binding energy with
respect to Ep and the small value of the electron
Coulomb repulsion, U, at that site (~0.4 eV),!® we ex-
pect that the rest-atom dangling-bond state will be fully
occupied by two electrons. The spectra obtained over the
two adatom sites, corner adatoms (B) and center adatoms
(C), are different. The signals from the occupied states
(negative bias) are weak—in particular, those over
center-adatom sites—while the reverse behavior is ob-
served for the unoccupied states (positive sample bias). It
has been argued that the quantity (dI/dV)/(I/V) is
(roughly) proportional to the local density of states
(LDOS).!” For sustained tunneling out of states in the
gap, additional scattering processes must be involved to
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maintain their electron population. Thus, the interpreta-
tion of the (dI /dV)/(I/V) intensities of different surface
states as providing a measure of their relative LDOS
should be viewed with some caution if the states have
significantly different energies. In the case of the ada-
toms, however, the energies of the corner- and center-
adatom dangling-bond states are essentially identical.
Thus, it is clear that the center-adatom site (C) has a
lower occupied LDOS than the corner-adatom site (B).
A simple interpretation of this difference, which is also in
accord with theoretical prediction,'® would be that there
is transfer of charge from the adatom sites to the rest-
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atom site. Since there are two rest-atom neighbors for
each center-adatom, while there is only one in the case of
a corner adatom , a lower occupation is expected of the
center-adatom DB state, in agreement with our observa-
tions here.

Next we consider the atom-resolved spectra of a par-
tially reacted (~50% of adatoms) surface [Fig. 5(b).
With the tip over a rest-atom site we obtain spectrum A4
in Fig. 5(b). We note that the characteristic dangling-
bond feature at —0.8 eV below Ej is absent, indicating
that the rest-atom dangling bond has been saturated.
The spectrum obtained over a reacted (dark) adatom site,
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FIG. 4. (a) Topograph of the occupied states of the NH;-exposed Si(111)-(7 X 7) surface (sample bias —2 V). Reacted adatoms ap-
pear dark. (b) Topograph obtained with the sample biased at —3 V. Reacted sites appear bright—compare corresponding sites in (a)
and (b). (c) Three-dimensional topograph showing the labeled sites in (b). Sites b, d, e, and f are unreacted adatom sites, while @ and

c are reacted sites.
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curve B (dashed line), shows that the characteristic low-
energy adatom surface states have been eliminated. This
observation explains why reacted adatoms appear dark
for low sample biases. To access the relative reactivity of
adatoms and rest atoms we have systematically analyzed
large numbers of topographs and associated
(dI/dV)/(1/V) versus V spectral maps. Spectra are typ-
ically recorded at 1-A intervals while simultaneously
measuring a topograph. In this way, we find that rest
atoms are more reactive than adatoms. Upon NH; expo-
sure, rest atoms react first, and under conditions such as
those of Fig. 5(b) where about half of the adatoms are still
unreacted, we find no unreacted rest atoms remaining.
On a surface such as that in Fig. 5(b), where the rest
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atoms have reacted, the spectra of unreacted adatoms be-
come very interesting. As curves B —right (corner ada-
tom) and C —right (center adatom) show, the spectra of
the two adatom sites are now similar. Concentrating on
spectrum C —right, and comparing it with the corre-
sponding spectrum C —Ileft, of the clean surface, we no-
tice a reversal of the intensity distribution between occu-
pied and unoccupied states. On the partially reacted sur-
face the intensity of occupied states has increased, with a
simultaneous decrease of the intensity of unoccupied
states. To explain the low intensity of the center-adatom
dangling-bond state at the clean surface, we proposed an
adatom to rest-atom-charge-transfer process. This
charge transfer will result in a nearly closed (3s,3p)-shell

(dl/dVv) /7 (1/V)

N I 4 .

(d1/dv)/(1/V)

-2.0 -1.0 0 1.0 2.0

ENERGY (eV)

-2.0 -1.0 0 1.0

ENERGY (eV)

2.0

FIG. 5. (a) Topograph of the unoccupied states of the clean 7 X7 surface (top) and atom-resolved tunneling spectra (below). Curve
A gives the spectrum over a rest-atom site, curve B gives the spectrum over a corner-adatom site, and curve C gives the spectrum
over a center-adatom site. Negative energies indicate occupied states, while positive energies indicate empty states. (b) Topograph
of the unoccupied states (top) and atom-resolved tunneling spectra (below) of an NH;-exposed surface. Curve A gives the spectrum
over a reacted rest-atom site, curve B (dashed line) gives the spectrum over a reacted corner adatom, while curves B (solid line) and C
give the spectra over unreacted corner and center adatoms, respectively.
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rest atom. For a reaction to occur at that site, it may be
energetically preferred to remove some of the excess
charge; this can be achieved by a reverse charge transfer
from rest atom to adatom. In addition to the changes in-
duced to the dangling-bond states, we also see that the
adatom backbond state at about —1.8 eV (Refs. 18 and
19) is removed, and in its place a new band at about — 1.5
eV is observed. We tentatively suggest that this new
band may be due to the adatom backbond state on the
partially reacted surface. The adatom-rest-atom cou-
pling must proceed via the backbonds. The rest-atom «>
adatom backbond interaction present at the clean surface
will both broaden and increase the binding energy of the
backbond state. Upon reaction, the rest-atom dangling-
bond state is eliminated and is replaced by Si—X (X =H
or NH,) bonding and antibonding states far removed
from Ep. As a result, the adatom backbond state will be-
come uncoupled, its binding energy will then be de-
creased, and the reduction of the effective barrier will
lead to an increased intensity.

C. The relative reactivity of surface dangling-bond states.

The preferential elimination of the rest-atom dangling-
bond surface states upon exposure to NH; implies a
higher chemisorption rate at these sites. This rate can be
influenced by a variety of factors, including electronic
effects which dictate the existence and magnitude of ac-
tivation barriers, dissipative channels for the energy of in-
cident reactants, steric constraints, surface diffusion, etc.
Currently, there are no reactions at semiconductor sur-
faces for which the influence of all these factors is known.
However, in the case of a reaction occurring at two sites
of the same surface the situation may be somewhat
simpler. Thus, in the case of the NH; reaction at adatom
and rest-atom sites, factors such as energy dissipation are
not expected to be significantly different. Diffusion of
strongly bound species as H or NH, is not expected to
take place and this is confirmed by experiment.?’ The
7X7 structure is quite open and we do not expect any
strong differences in steric factors, which, if present,
would probably favor reaction at adatom sites, contrary
to our findings here. Thus, it is more likely that electron-
ic factors control surface reactivity. This is in agreement
with our previous finding that the reactivity of Si surfaces

REST-ATOM

ADATOM

FIG. 6. The local structure of the rest-atom and adatom
sites. Note the proximity and interaction between the adatom
(A4) and the Si atom (C) directly below it. .
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at low temperatures is determined by the dangling-bond
surface states.*!? Referring to Fig. 6, we note that rest
atoms represent normal triply coordinated Si sites. The
adatoms, on the other hand, are located in threefold sites
over a Si atom in the second layer. Each adatom partici-
pates in three four-member rings. This introduces strain
in the backbonds and brings the adatom close to the Si
atom directly below it (see Fig. 6). As a result of this
bonding geometry, the three backbonds are weakened
and give rise to the surface state at about 2 eV below
Ep.'"®1 In addition, the proximity of the adatom to the
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FIG. 7. Charge-density plots of (a) rest-atom and (b) adatom
states near the Fermi energy. Note the concentration of charge
in the region between the adatom and the Si atom directly
below it ( A—C bond in Fig. 6). From Ref. 21.
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atom below it leads to the possibility of forming a weak
fourth bond between the adatom and this subsurface
atom. This bonding scheme is supported by recent first-
principles electronic-structure calculations.?! Because of
the size of the 7 X7 unit cell, a calculation for the actual
unit cell will require immense computation. Instead, a
model consisting of a 12-Si-atom-thick slab with a surface
unit cell which includes one rest atom and one adatom
was used. In Fig. 7 we show charge-density contours for
the rest-atom dangling-bond state and the adatom
“dangling-bond” state. The adatom state has its max-
imum DOS slightly above Ep so that it is only partially
occupied, in agreement with spectra 5(B) and 5(C).
While the contours at the rest-atom site are typical of a
dangling-bond state, at the adatom site an accumulation
of charge density between the adatom and the atom
directly below it is observed, i.e., the formation of the
fourth bond proposed above. The electron density on the
vacuum side is reduced concomitantly. Experimental
support for the existence of adatom—subsurface-Si-atom
interactions was provided by a recent study of the vibra-
tional spectra of the 7X7 surface.’” In this study an
unusually high vibrational frequency was observed and
assigned as due to a local vibration involving the adatom
and the Si atom underneath it. Consider now the reac-
tion of rest atoms and adatoms, with an incoming species.
At the rest-atom site, this process can be considered as a
simple dangling-bond saturation process. However, at
the adatom site the reaction will produce an essentially
hypervalent (fivefold-coordinated) adatom. Silicon, un-
like carbon, is known to form compounds in which it par-
ticipates in five or even six bonds.?* This hypervalency of
Si is usually ascribed to the presence of the empty 3d lev-
els and its larger size, which allows more bonds to be
formed without overly increasing steric repulsion. Penta-
valent Si compounds usually adopt a trigonal-bipyramid
local structure.?* Such a structure, however, would re-
quire that the three 4-B backbonds [Fig. 6(b)] should be
nearly coplanar, which clearly is not possible in this case.
Thus, because of hypervalency and strain the bonding ar-
rangement at adatom sites is less optimal for reaction
than at rest-atom sites. Correspondingly, the activation
barrier for reaction at adatom sites will be larger than
that for reaction at rest-atom sites, leading to a faster re-
action rate at the rest-atom sites, in agreement with our
STM observations. The absolute magnitude of the ac-
tivation energy at rest-atom sites should be quite small, as
can be deduced from the fact that reaction occurs even at
low temperatures.!>?* We believe that this low activation
energy is again a manifestation of the ability of Si to over-
coordinate. Thus, unlike the case of carbon chemistry, a
new bond can start forming without an old one being
significantly weakened.

Because the arguments we used are general, we would
expect that they also will be valid for other surface reac-
tions. Indeed we find?* that rest atoms are the preferred
reaction sites in reactions involving several different
closed-shell systems. We also find that these reactions
tend to preserve the 7X7 reconstruction. Reactions of
Si(111)-(7 X 7) with open-shell systems show more varied
behavior in which adatom backbonds become active par-
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ticipants.?*

Next, we consider the spatial distribution of the reac-
tion within the adatom subset. In Fig. 8 we show a topo-
graph of the unoccupied states of a 600X 600 A 2 area of
the partially reacted surface. It is immediately clear that
the majority of the unreacted adatoms appear in the six-
member rings surrounding corner holes, i.e., they are
corner adatoms. In fact, there can be more than four
times more unreacted corner adatoms than unreacted
center adatoms.

On the clean surface, we saw that the tunneling I-V
measurements indicated differences between the corner-
and center-adatoms dangling-bond states. It would be
natural then to attribute the observed reactivity
differences to the differences in electronic structure re-
vealed by the studies on the clean surface. However, we
found that rest atoms react before there is significant re-
action among the adatoms. At a surface where the rest-
atom dangling bonds have already been saturated, atom-
resolved tunneling spectroscopy [Fig. 5(b)] shows that the
electronic structure of the two adatoms sites becomes
very similar. Another possibility for the observed reac-
tivity difference could be that there is an interaction be-
tween rest-atom and adatom sites in the sense that reac-
tion at a rest-atom site somehow directs one of the molec-
ular fragments preferentially to center-adatom sites. If
the fragments were statistically distributed to the adatom
sites, it would lead at most to a 2:1 center-adatom to
corner-adatom reactivity ratio, while experimentally this
ratio is larger than 4:1. Moreover, our photoemission
studies®* show that at low temperatures (90 K) only the
rest-atom surface state is quenched by NH; with no ob-
servable quenching of the adatom surface state. The
same studies indicate that the reaction is the same at 300

FIG. 8. STM topograph of the unoccupied states (sample
bias 41 V) of a 600X 600 A 2 area of a partially reacted Si(111)-
(7X7) surface. Note that the majority of the unreacted ada-
toms are adjacent to corner holes, i.e., they are corner adatoms.
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FIG. 9. Distortions of the ideal 7 X 7 structure determined by
x-ray-diffraction experiments (Ref. 26). Arrows show the direc-
tions and relative size of the displacements from the starting
ideal positions, exaggerated 10 times. Adapted from Ref. 26.

and 90 K. It appears, therefore, that the observed reac-
tivity difference between the two adatom sites is due to
intrinsic differences in the structure of these sites. Since
the electronic structure of the dangling bonds is the same
in the two sites [see Fig. 5(b)], we tentatively propose that
the differences in reactivity involve backbonds;
specifically, differences in strain energy of the corre-
sponding late (i.e., productlike) transition states.
Theoretical work?® has suggested that the principal driv-
ing force for the 7X7 reconstruction is the formation of
the dimer domain walls. X-ray-diffraction studies?® find
that the dimer bond is strained and its bond length is
~6% longer than the bulk Si—Si bondlength. As we dis-
cussed earlier, the adatoms also introduce distortions.
The measured inward lateral contraction of the basal
atoms (B) is rather large, ~0.1 A.% The displacements
determined in Ref. 26 are shown in Fig. 9. (For easier
visualization, the displacements have been exaggerated
by a factor of 10.) By reference to Fig. 9, we would ex-
pect that the contraction of 4—B bonds would lead to
the lengthening of the B—D bonds, which in turn allows
the strengthening of the dimer bond (D—D). Upon satu-
ration of the adatom dangling bonds the reverse sequence
may be expected: the 4—B bonds will be lengthened
and the B—D bonds shortened, further straining the di-
mer bond. Inspection of the DAS 7X7 model (Fig. 1)
shows that reaction at a corner adatom will strain two di-
mer bonds, while reaction at a center adatom will affect
only one dimer bond. Qualitatively, the increased strain
induced by reaction at a corner-adatom site would tend
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to increase the energy of the transition state, leading to a
decreased reaction rate at that site.

IV. CONCLUSIONS

In conclusion, we have shown that by using topographs
obtained at different energies, as well as atom-resolved
electronic spectra, unreacted and reacted surface sites
can be imaged selectively. Thus, surface electronic struc-
ture and reactivity can be studied on an atom-by-atom
basis and the role of the local environment on the reac-
tivity of surface dangling-bond sites can be evaluated. In
the case of the reaction of Si(111)-(7X7) with NH;, we
find that rest-atom sites are more reactive than adatom
sites. Moreover, center-adatom sites are more reactive
than corner-adatom sites. We ascribe the reduced reac-
tivity of adatoms to the delocalized nature of their
dangling-bond state. Specifically, we suggest the forma-
tion of a weak bond between an adatom and the subsur-
face Si atom directly below it. Thus, while reaction at a
rest-atom site can be considered as a simple dangling-
bond saturation process, at an adatom site, reaction in-
volves the formation of a hypervalent (fivefold-
coordinated) adatom. At the clean surface, atom-
resolved spectroscopy shows a lower occupation of the
center-adatom dangling-bond state than that of the
corner-adatom state. We ascribe this behavior to a more
extensive adatom to rest-atom charge transfer at center-
adatom sites. At a partially reacted surface, where the
more reactive rest-atom dangling bonds have been sa-
turated, we find that the tunneling spectra of unreacted
corner and center adatoms become very similar. Thus,
the reactivity differences found for the two adatom sites
are not likely to be related to the initial occupation
differences. We tentatively ascribe the observed reactivi-
ty differences to differences in adatom-induced strains of
Si dimers. Atom-resolved spectroscopy provides the
unique opportunity to probe directly the effect of chem-
isorption on the electronic structure and energy of un-
reacted surface sites. Thus, we find evidence for a re-
verse, i.e., rest atom to unreacted adatom, charge transfer
upon rest-atom reaction.
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FIG. 2. STM topographs of the clean Si(111)-(7X7) surface. (a) Topograph of the unoccupied states obtained with the sample
biased at + 1.5 eV. The 7X7 unit cell is outlined and the 12 adatoms are clearly visible. (b) Topograph of the occupied states ob-
tained with the sample biased at —1.5 V. The stacking fault and the differences between corner and center adatoms are visible. (c) A
three-dimensional rendering of a topograph of the occupied states obtained with the sample biased at —3 V. The rest atoms are now
visible.



FIG. 3. (a) Topograph of the unoccupied states of a Si(111)-
(7% 7) surface partially reacted with NH;. Sample bias +0.8
V. Reacted adatoms appear dark. (b) Topograph of the unoc-
cupied states of a partially reacted surface. Sample bias +3 V.
Both reacted and unreacted adatom sites are visible. The 7X7
reconstruction is preserved overall by the reaction.
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FIG. 4. (a) Topograph of the occupied states of the NH;-exposed Si(111)-(7X 7) surface (sample bias —2 V). Reacted adatoms ap-
pear dark. (b) Topograph obtained with the sample biased at —3 V. Reacted sites appear bright—compare corresponding sites in (a)

and f are unreacted adatom sites, while a and

e,

]

d

Sites b

and (b). (c) Three-dimensional topograph showing the labeled sites in (b).

¢ are reacted sites.
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FIG. 5. (a) Topograph of the unoccupied states of the clean 7X 7 surface (top) and atom-resolved tunneling spectra (below). Curve
A gives the spectrum over a rest-atom site, curve B gives the spectrum over a corner-adatom site, and curve C gives the spectrum
over a center-adatom site. Negative energies indicate occupied states, while positive energies indicate empty states. (b) Topograph
of the unoccupied states (top) and atom-resolved tunneling spectra (below) of an NH;-exposed surface. Curve A gives the spectrum
over a reacted rest-atom site, curve B (dashed line) gives the spectrum over a reacted corner adatom, while curves B (solid line) and C
give the spectra over unreacted corner and center adatoms, respectively.



FIG. 8. STM topograph of the unoccupied states (sample
bias +1 V) of a 600X 600 A ? area of a partially reacted Si(111)-
(7X7) surface. Note that the majority of the unreacted ada-
toms are adjacent to corner holes, i.e., they are corner adatoms.



